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Abstract: Freestanding semipolar (11–22) indium gallium nitride (InGaN) multiple-
quantum-well light-emitting diodes (LEDs) emitting at 445 nm have been realized by the
use of laser lift-off (LLO) of the LEDs from a 50-m-thick GaN layer grown on a patterned
(10–12) r -plane sapphire substrate (PSS). The GaN grooves originating from the growth
on PSS were removed by chemical mechanical polishing. The 300 m × 300 m LEDs
showed a turn-on voltage of 3.6 V and an output power through the smooth substrate of
0.87 mW at 20 mA. The electroluminescence spectrum of LEDs before and after LLO
showed a stronger emission intensity along the [11–23]InGaN/GaN direction. The polariza-
tion anisotropy is independent of the GaN grooves, with a measured value of 0.14. The
bandwidth of the LEDs is in excess of 150 MHz at 20 mA, and back-to-back transmission
of 300 Mbps is demonstrated, making these devices suitable for visible light communica-
tion (VLC) applications.
Index Terms: Light-emitting diodes (LEDs), optoelectronic materials, semipolar gallium ni-
tride (GaN), laser lift-off (LLO), metal organic vapor phase epitaxy (MOVPE).
1. Introduction
Wurtzite indium gallium nitride (InGaN) based light-emitting diodes (LEDs) have demonstrated
exceptional efficiency and output powers in the visible spectral range. The LEDs are attractive
light sources for use in visible light communication (VLC), which is a promising technology using
energy-efficient light source illumination with data encoded to achieve optical data transmission
that has significant potential to supplement existing radio-frequency (RF) based wireless com-
munications. It has attracted much interest recently, as it can provide new large data transmis-
sion capacity in license-free and can, in principle, be integrated into preexisting lightning
infrastructure [1]–[4]. Commercially available InGaN-based LEDs are grown on the c-plane
(0001) oriented surface, which have strong built-in piezoelectric fields. The piezoelectric polari-
zation fields at the InGaN/GaN interface tilt the energy band of the quantum-well (QW) based
active region. This induces a quantum-confined stark effect (QCSE), lowering the electron-hole
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overlap and device efficiency [5], as well as inducing wavelength shift with current. A reduction
in the QCSE will increase the overlap of the electron and hole wavefunctions and, therefore, in-
crease the radiative recombination rate. Hence, it is desirable to produce InGaN/GaN QW LEDs
with a suppression of the internal fields [5]–[12] for high bandwidth devices [1]–[4].
The fields can be reduced by growing LEDs on semipolar and non-polar oriented surfaces
of the crystal [13], [14]. The semipolar (11–22) surface is of special interest because high-
efficiency green and yellow LEDs have been previously reported [15]–[18] with best results
for devices grown on bulk (11–22) GaN substrates [15]. Such substrates are very expensive
and small in size and thus not suitable for mass-production. Thus, it is preferable to grow
LEDs on a low-cost sapphire substrate. However, (11–22) GaN films grown on non-patterned
(10-10) m-plane sapphire substrates normally contain a high density of extended defects such
as basal-plane stacking faults, prismatic stacking faults and partial dislocations [19]. In order
to reduce such defects, several approaches have been proposed in recent years [20]–[22].
Here, we grow the LEDs on a 50 m-thick GaN template which was grown on a patterned
(10–12) r -plane sapphire substrate (PSS) using a growth process which has been scaled to
100 mm diameter wafers [23].
In this paper, we demonstrate a laser-lift-off (LLO) technique for obtaining freestanding semi-
polar (11–22) InGaN/GaN multi-quantum-well (MQW) LEDs operating at 445 nm. We found
that Ni/Ag/Ni acted as a quasi-ohmic p-contact metal with good reflection improving the light
output through the substrate. We characterized the electrical and optical properties (light output
power, electroluminescence (EL) spectra, and optical polarization). The output power of the
LEDs was enhanced after LLO. A stable light emission with an anisotropic emission pattern was
observed. The polarization ratio was calculated for the LEDs after LLO and after chemical me-
chanical polishing (CMP). The electro-optical bandwidth of the LEDs was 166 MHz at 20 mA bi-
ased current and demonstrate a transmission data rate of 300 Megabits per second (Mbps),
which can be suitable for VLC.
2. Experiment
The LED structure was grown on the (11–22) oriented surface of a GaN template on a PSS.
The template was prepared in two stages [24]–[26]. Firstly, a 6 m-thick GaN layer was grown
by metal organic vapor phase epitaxy (MOVPE) on a PSS which was patterned with 1 m deep
grooves on a 6 m pitch oriented along the [11-20]. a-direction of sapphire ([10-10] m-direction
of GaN). A SiN interlayer was used to reduce the defect density and a very low basal-plane
stacking fault density was obtained. Subsequently, a 50 m-thick GaN layer was grown by hy-
dride vapor phase epitaxy (HVPE) [24]–[26]. The wafer was diced into 2 cm  2 cm pieces, and
CMP was used to smoothen the HVPE-grown template surface. The LED structure was grown
on this template and consisted of 1.5 m-thick Si-doped n-type GaN, 120 nm-thick
n-In0:01Ga0:99N, five periods of InGaN/GaN (2.5 nm/6.5 nm) QW active region, 120 nm-thick
Mg-doped p-type GaN, and 15 nm heavily doped p-type GaN contact layer. Details of the LED
growth conditions and CMP process are reported elsewhere [18]. A particular issue with semi-
polar GaN planes is the difficulty in obtaining high p-type doping with Mg. A  4 higher Mg flux
is required to obtain the same incorporation in the (11–22) crystal as compared with c-plane
[12], [27]. Secondly, the acceptors show higher compensation due to unintentional oxygen im-
purity and, as a result, it is difficult to obtain a high free hole concentration resulting in non-
ohmic p-contacts. We compared Ni/Ag/Ni (1 nm/100 nm/2 nm thick) and Pd (40 nm thick) as
p-type contacts using the circular transfer length method (cTLM). The Ni/Ag/Ni formed a
quasi-ohmic contact after rapid thermal annealing (RTA) at 500 C under oxygen for 60 s. The
Ag interlayer also provides high reflectivity enhancing the light emission through the substrate.
However, the as-deposited Pd contacts show non-ohmic properties as shown in Fig. 1.
Freestanding (1 cm  1 cm size) sample containing LEDs ð300 m 300 mÞ were fabri-
cated using photolithography and dry etching techniques. The fabrication sequence is illustrated
in Fig. 2. The p-type contact metal of Ni (1 nm)/Ag (100 nm)/Ni (2 nm) was annealed using
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RTA. Mesas were etched to a depth of 1 m exposing the n-type GaN by using inductively
coupled plasma etching. The LED chip was then bonded with thermo-adhesive (Crystal-bond
509 clear wax) onto a glass slide as a temporary substrate. The sapphire substrate was removed
by laser-induced delamination of the GaN stripes attached to the sapphire interface. Single-shot
Fig. 2. Schematic of the fabrication process for obtaining freestanding semipolar (11–22) LEDs by
the use of LLO and CMP techniques. (a) Fabrication of LEDs on patterned sapphire substrate
(PSS). (b) 300 m 300 m mesa LED chip on PSS. (c) Wafer flip bonded with thermal adhesive
on glass carrier substrate. (d) LLO of LED wafer and removal of the PSS. (e) Debond sample and
dissolve the adhesive layer. (f) Freestanding LEDs with grooves (LLO-LED). (g) LLO-LED chip.
(h) Flip bond and CMP. (i) Debond and dissolve adhesive layer. (j) Freestanding LEDs without
grooves (CMP-LED). (k) CMP-LED chip.
Fig. 1. Current–voltage I–V characteristics of a 50-m diameter disk contact with a gap of 280 m
on (inset) cTLM pattern of Pd (40 nm) as-deposited and Ni (1 nm)/Ag (100 nm)/Ni (2 nm) before
and after anneal at 500 C.
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laser pulses (irradiation density of 500 mJ/cm2) were scanned across the sample using a KrF ex-
cimer laser system (ATLEX-300-SI) to remove the wafer from the substrate without damage. The
50 m-thick sample was de-bonded by dissolving the adhesive in acetone. The devices were
characterized, and no detrimental effect on the light optical power was found due to the LLO pro-
cess. Subsequently the sample was bonded with thermal adhesive (i.e. black wax) on a Si sub-
strate and the grooves on the back surface of the wafer were removed by CMP. Finally,
freestanding LEDs were obtained by dissolving the black wax.
The Nomarski images of the morphology on the back surface of the LED after LLO (LLO-LED)
and LED after CMP (CMP-LED) are shown in Fig. 3(a) and (b), respectively. The LLO-LED back
surface has structured grooves (approximately 3 m wide and 2 m high) due to the GaN stripes
associated with the growth initiation on the PSS which can be seen in inset image of Fig. 3(a). In
contrast, the morphology of the CMP-LEDs is very smooth as shown in Fig. 3(b). A fluorescence
microscope (FM) image obtained with the 405 nm line of a mercury lamp was used to investigate
the uniformity of the QW luminescence through the back surface of the LED samples. The emis-
sion was detected by a color camera, thus producing a real-color representation of the QW emis-
sion. Fig. 3(c) and (d) show the FM images of the QWs (peak emission wavelength 445 nm)
after LLO and after CMP of the grooves respectively. The very uniform luminescence of the
LEDs can be observed from both images on the active region. It is seen that the p-contact region
is brighter than the region without the p-metal due to the reflection of Ag interlayer. Moreover, the
intensity in Fig. 3(c) is higher than Fig. 3(d), which is due to the light scattering caused by the
GaN grooves. Fig. 3(c) and (d) show bright emission from the mesa edges which may indicate
stronger light emission in the plane of the QWs but is also due to light scattering at the mesa
edges.
3. Results and Discussion
EL measurements were taken from the 300 m 300 m LEDs at each stage in the process
with the light output collected from the backside of the devices with numerical apertures (NA)
of 0.5 and 1.0 into a calibrated Si photodetector. The spectra of the LEDs were recorded with
an Ocean Optics spectrometer with a silica optical fiber coupled to the backside of the LEDs.
The light output power (L–I) and voltage (V–I) with current of the non-LLO LED, LLO-LED,
Fig. 3. Optical microscope images of the back surface (a) after LLO (Inset: GaN grooves in plan
view) and (b) after CMP. FM images ð560 560 m2Þ of the backside of the LEDs (c) after LLO
(Inset: Top view image of the fabricated LEDs, where area 1 is the p-metal and area 2 is the n-metal)
and (d) after CMP.
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and CMP-LED are shown in Fig. 4(a). The V–I characteristics for the CMP- and non-CMP-LEDs
are similar with a threshold voltage of 3.6 V. The series resistance is found to be 368 . The
light output power of the LEDs after LLO is enhanced by 14% at 10 mA compared with the LEDs
before LLO, which is due to the light scattering caused by the GaN groove features on the back
surface. The light output power of CMP-LED is lower than the LLO-LED with grooves when mea-
sured in our standard configuration (i.e. NA ¼ 0:5). However, to compare with results reported
from other groups, the output power of the CMP-LED was also measured with NA of 1. The
measured output power of the CMP-LEDs with an NA of 1, i.e. directly on the photodetector is
870 W at 20 mA ðJ ¼ 22 A/cm2Þ, which is comparable to other blue semipolar (11–22) InGaN
LEDs grown on sapphire substrates [28]–[30]. For example, an output power of 1.8 mW has
been obtained for a packaged (11–22) LED grown on GaN bulk substrate with the chip size of
320 m 320 m (J ¼ 20 A/cm2, I ¼ 20 mA) emitting at 420 nm [28], 0.38 mW has been
obtained for a 280 m-diameter unpackaged (11–22) LED grown on GaN/sapphire template
(J ¼ 33 A/cm2, I ¼ 20 mA) emitting at 422 nm [29], and 1.0 mW has been obtained for a un-
packaged (11–22) LED grown on GaN/sapphire template grown on patterned sapphire substrate
emitting at 440 nm with the chip size 1100 m 600 m (J ¼ 3 A/cm2, I ¼ 20 mA) [30]. For the
LEDs studied here, one can be expected that the output power will significantly increase with
fully packaged devices through controlled surface roughening and epoxy encapsulation.
Fig. 4(b) shows the log I–V characteristics of the freestanding semipolar LEDs for currents from
100 nA to 1 mA indicating that the LEDs have no shunt paths but a small non-radiative leakage
current, which delays the light emission until voltages larger than 3 V.
Fig. 5(a) shows the normalized EL spectra at currents up to 10 mA ðJ ¼ 11 A/cm2Þ of the
LEDs after LLO. With increasing drive current, the EL peak emission at 445 nm is stable with
a wavelength shift of about 1.1 nm for a current density change to 11 A/cm2.
An optical polarization anisotropy was observed in the EL from the LEDs both before and af-
ter LLO with the stronger emission intensity along the [11-23] inclined c 0-direction, as shown in
Fig. 6. An elongated light emission pattern is formed due to the scattering from the grooves.
The EL emission intensity as a function of polarization angle for the freestanding (11–22) LEDs
after LLO and after CMP, both at 2 mA driven current, was measured. When the polarizer is
placed along the elongated direction of the GaN grooves i.e. the [1–100] m-axis (i.e. 0 and
180), the EL emission intensity is maximized. The minimum of EL emission intensity occurs for
the polarizer set along the [11-23] c 0-axis (i.e., 90 and 270 C). The polarization ratio is inde-
pendent of the GaN grooves, both the LLO- and CMP-LEDs show a polarization ratio polar ¼
ðImax  IminÞ=ðImax þ IminÞ of 0.14. With the grooves present the light emission shows a larger light
broadening along m- and c 0-directions. After CMP, a more uniform spot-like emission is ob-
tained indicating the role of the grooves on the emission pattern.
Fig. 4. (a) L–I and V–I characteristics of the LEDs before and after LLO measured into a detector
with a numerical aperture NA of 0.5 and after CMP (measured with NA of 1). (b) Semilog IV of a
freestanding (11–22) LED GaN LED after CMP.
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Due to the reduced piezoelectric field an increased overlap of the electron and hole wave
functions is expected resulting in a faster radiative lifetime. The LEDs can, therefore, be ex-
pected to have a high bandwidth, even though the epitaxial structure and the device mesa
geometry were not optimized for the bandwidth. The small-signal frequency response of both
freestanding semipolar LEDs along with a reference commercial c-plane GaN LED emitting
at 466 nm grown on double polished sapphire substrate with same mesa size (light output
power at 20 mA is 2.45 mW) was measured on-chip as a function of current using a micro-
wave probe (DC to 3.5 GHz). A sinusoidal signal with low RF power from a vector network
analyzer (Agilent 8753ES) was applied on top of a DC bias using a bias tee (Mini-Circuits
15542 ZFBT-6GW-FT 9628). The light output from the LED was collected with a lens of 2 cm
diameter and focused on a high bandwidth (1.4 GHz) silicon PIN photodiode with integrated
transimpedance amplifier (TIA) photoreceiver (HAS-X-S-1G4-SI) and the frequency response
was recorded by the vector network analyzer at different bias currents. The measured 3 dB
bandwidths as a function of current are shown in Fig. 7(a) and compared with the reported
bandwidth of high-speed LEDs on (0001) and semipolar (11–22) planes [31]–[34]. For the
(11–22) LEDs studied here, when the device was biased at 20 mA, a modulation frequency
of 166 MHz was obtained, while the reference c-plane LED has the lowest bandwidth of 38 MHz.
The bandwidth of c-plane LEDs in smaller dimension are compared with semipolar (11–22) LED
in larger dimension to show a dependence on the driving current. The 300 m 300 m (11–22)
LEDs emitting at 500 nm and 450 nm grown on PSS show the bandwidth at 72 MHz and
100 MHz, respectively [34]. The 75-m diameter c-plane LEDs emitting at 441 nm and
Fig. 6. EL intensity with polarization angle for the freestanding semipolar (11–22) InGaN/GaN
LED (LLO-LED and CMP-LED). Inset: (a) Anisotropic light emission profile after LLO and (b)
more uniform spot like emission after CMP.
Fig. 5. (a) EL spectra of the freestanding semipolar LED as a function of current up to 10 mA (11 A/cm2).
(b) Normalized EL spectra of the freestanding semipolar LEDs at 1 and 10 mA.
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72-m diameter emitting at 450 nm grown on single polished sapphire substrate show the
bandwidth 110 MHz (J ¼ 450 A/cm2, I ¼ 20 mA) and 150 MHz (J ¼ 490 A/cm2, I ¼ 20 mA),
respectively [31], [32]. The smaller dimensional LED of 44-m diameter c-plane LED grown
on single polished sapphire (J ¼ 1:3 kA/cm2, I ¼ 20 mA) emitting at 450 nm shows a higher
bandwidth, which is 435 MHz [33].
The large signal properties of the freestanding semipolar LEDs were measured. To determine
the transmission data rate of the freestanding semipolar LED, a 27-1 non-return-to-zero (NRZ)
pseudo-random bit sequence (PRBS)-7 from a pattern signal generator (Anritsu MP1632A) was
added at each DC bias and the eye diagrams were collected by a digital oscilloscope (Agilent
Infinilum DSO80804A). When a 2 V peak-to-peak amplitude is applied as the large signal modu-
lation with the LEDs biased at 20 mA, the transmitted data rate for the open eye diagram can
be up to 300 Mbps (see Fig. 7).
4. Conclusion
We have demonstrated a fabrication process to realize freestanding semipolar (11–22) InGaN/
GaN MQW LEDs on a HVPE GaN template by the use of LLO and CMP. No detrimental effect
in the light optical power was observed due to the LLO process. The NiAgNi p-metal provided a
better light extraction and low contact resistance for substrate emitting LEDs. The emission
properties were stable. The output power of the freestanding semipolar GaN LEDs (after CMP)
was 0.87 mW at 20 mA without any extraction features or low index encapsulation. The polari-
zation ratio was 0.14 and was independent of the GaN grooved features. The LEDs showed an
electrical-to-optical bandwidth of 166 MHz at 20 mA and the signal transmission data rate of
300 Mbps, which is promising for VLC applications. It can be expected that smaller dimensional
LEDs will have lower capacitance and the bandwidth will be higher.
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